Photoinitiators exhibiting efficient thermally activated delayed fluorescence (TADF) are investigated.
Introduction
Within the last few decades, a large set of photoinitiators (PI) and photoinitiating systems (PISs) have been used to initiate free radical polymerization (FRP) and cationic polymerization (CP) upon light irradiation. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The development of new PISs being able to promote FRP and CP under soft visible light especially LEDs is still a huge challenge nowadays. Among the innovative photoinitiators that have been developed recently, photoredox catalysts (PCs) have attracted increasing interest. In fact, due to the regeneration of the starting compound, small amounts of PCs could be enough to efficiently promote the polymerization process under low light intensities. The chemical mechanisms involving PCs are based on oxidation and reduction cycles (Fig. 1) . To be efficient, a PC, like any usual Type II PI, must fulfill three key conditions. First, its absorption spectrum should have the best match with the emission spectrum of the light source together with high molar extinction coefficients. Second, it requires long lived excited states that can be easily quenched by the oxidation of reduction agents ensuring high quantum yields of reactive species. 12 Third, the values of the redox potentials are important for good reactivity. However, to become a PC, the photoinitiator must be regenerated and good reversibility to an important impact thanks to the increase of the radiative decay channels through a TADF emission. [26] [27] [28] [29] The recent focus of numerous research studies is highlighted in a review devoted to copper complexes. 15 In carefully designed copper complexes, [26] [27] [28] [29] the light emission, at low temperature, arises from the lowest triplet state T 1 assigned to a metal-to-ligand charge-transfer state ( 3 MLCT) involving Cu-3d and ligand-p* orbitals; it decays in the hundred ms time range. At room temperature, the decay occurs in the ms range (longer than that of the prompt fluorescence) and the TADF emission is attributed to a thermally populated singlet state S 1 ( 1 MLCT) in thermal equilibrium with the lowest triplet state.
In particular, purely organic molecules also display a TADF behavior at ambient temperature as shown by C. Adachi 35 In the context of photopolymerization reactions, only one preliminary paper has considered the first use of organic TADF PCs (carbazole based compounds such as 2,3,5,6-tetra(9H-carbazol-9-yl)terephthalonitrile, 2,3,5,6-tetrakis(3,6-dibromo-9H-carbazol-9-yl)benzonitrile, 2,3,5,6-tetrakis(N-carbazolyl)benzonitrile, 2,3,5,6-tetrakis (3,6- The efficiency of these PISs is checked in the FRP of methacrylates, the CP of epoxides and the synthesis of acrylate/ epoxide interpenetrated polymer networks, in thick films, under soft conditions, using violet light delivered by a LED at 405 nm. The polymerization profiles will be compared to those recorded with other conventional PISs. An interesting feature of this paper will concern a comparison of the relative reactivity/polymerization efficiency of TADF/non-TADF process based compounds. Due to the common interest in purely organic molecules, several compounds ( Fig. 3) exhibiting a more or less TADF property, 39 di(4-(4-(carbazole-9-yl)phenyl)sulfone) (org 1), di(4-(4-(9-phenylcarbazol-3-yl)phenyl)sulfone) (org 2), 9,9 0 -(sulfonylbis(4,1-phenylene)) bis(9H-carbazole) (org 3) and 9,9 0 -(sulfonylbis(4,1-phenylene)) bis(3,6-di-tert-butyl-9H-carbazole) (org 4), will also be studied. The limits of this approach are also discussed. The (photo) chemical mechanisms are investigated using steady state photolysis, fluorescence and laser flash photolysis.
Experimental

Materials
The investigated compounds (non-TADF CuC1, 38 TADF CuC1, 
Irradiation source
A LED at 405 nm (ThorLabs; B110 mW cm À2 ) was used for the irradiation of the photocurable samples.
Absorption and fluorescence experiments
The UV-vis spectra were recorded using a JASCO V-730 UV/Vis spectrophotometer. The fluorescence properties were studied using a JASCO FP-750 Spectrofluorimeter. The interaction rate constants k q between the TADF CuC or the TADF org compounds and an additive were extracted from classical Stern-Volmer treatments (I 0 /I = 1 + k q t 0 [additive], where I 0 and I stand for the fluorescence intensity of TADF CuC or TADF org in the absence and presence of the additive, respectively; t 0 stands for the lifetime of the excited TADF CuC in the absence of the additive).
Laser flash photolysis
Nanosecond laser flash photolysis (LFP) experiments were carried out using a Q-switched nanosecond Nd/YAG laser (l exc = 355 nm, 9 ns pulses; energy reduced down to 10 mJ) from Continuum (Minilite) and an analyzing system consisting of a ceramic xenon lamp, a monochromator, a fast photomultiplier, and a transient digitizer (Luzchem LFP 212).
Photopolymerization experiments
The experimental conditions for the photopolymerization reaction are given in the figure captions. The photocurable formulations were deposited on a BaF 2 pellet under air (thickness = 1.4 mm) for irradiation with different lights. The evolution of the methacrylate double-bond content of BisGMA/TEGDMA and the epoxy group content of EPOX was continuously followed using real-time FTIR spectroscopy (JASCO FTIR 6600) at about 6165 and 3700 cm À1 , respectively.
Results and discussion
A. Copper based TADF and non-TADF structures A.1. Light absorption and emission properties of the studied copper complexes. Typical absorption spectra of the investigated copper complexes are presented in Fig. 5 (non-TADF CuC1 and TADF CuC1 in dichloromethane; absorption maxima at 380 nm (e 380 nm B 3600 M À1 cm
À1
) and 370 nm (e 370 nm B 3600 M À1 cm
) for non-TADF CuC1 and TADF CuC1 respectively). This corresponds to a metal-to-ligand charge-transfer (MLCT) transition. 36 Non-TADF CuC2 and TADF CuC2 are supposed to have the same absorption properties as non-TADF CuC1 and TADF CuC1 owing to the same chromophore, respectively; only the counter anion is different. The emission spectrum of the LED at 405 nm exhibits an excellent covering with the light absorption of the investigated copper complexes. The luminescence emission of TADF CuC1 is centered at 550 nm (Fig. 6) . From the crossing point of the absorption and emission spectra, the energy of the first excited triplet state S 1 is estimated to be 2.8 eV. View Article Online air, upon exposure to the LED at 405 nm is shown in Fig. 7 . A slow photolysis was observed for TADF CuC1 albeit non-TADF CuC1 was rather stable. Bleaching is faster when an iodonium salt (Iod) is added. TADF CuC1 is consumed more rapidly than non-TADF CuC1 (Fig. 8 ) in full agreement with a stronger interaction with the TADF compound (see below for the rate constant of interaction). In the presence of Iod and EDB, bleaching also occurs (Fig. 9 ). It remains, however, less important in TADF CuC1/Iod/EDB than in TADF CuC1/Iod and a photoproduct absorbing around 450 nm appears. TADF CuC1 is partly regenerated in line with the catalytic cycle.
A.2.2. Laser flash photolysis (LFP) experiments.
Laser flash photolysis experiments (LFP) at 355 nm were also carried out on the different copper complexes and decay traces of the S 1 state are shown in Fig. 10 (see also Table 1 ). In saturated N 2 dichloromethane, a very long-lived S 1 state absorption (B3.5 ms) was observed at 370 nm and 400 nm for TADF CuC1 and TADF CuC2, respectively: this corresponds to the TADF lifetime. The short lifetimes observed under air (162 ns and 288 ns for TADF CuC1 and TADF CuC2, respectively) support a strong quenching by oxygen in line with Fig. 6 . The transient absorption (DOD 4 0; DOD: change of optical density) is displayed in Fig. 11 (the DOD o 0 range corresponds to the TADF emission). For non-TADF1 and non-TADF2, the lifetime expected is very short (within the resolution time of our LFP spectrometer) in agreement with the lack of fluorescence of these compounds (see above).
A.2.3. Interaction of TADF CuC1 with the iodonium salt. The TADF intensity decreases upon addition of Iod (Fig. 12A) ; the interaction rate constant k q (Fig. 12B) is almost diffusion controlled: 3 Â 10 9 M À1 s À1 for TADF CuC1/Iod. From the determined oxidation potential of CuC1 (1.3 V by cyclic voltammetry), a negative value of the free energy change (DG et(TADF CuC/Iod) = À0.8 eV) has been calculated according to eqn (1) where E ox , E red , E* and C are the oxidation potential of the electron donor, the reduction potential of the electron acceptor, the excited state energy level and the coulombic term for the initially formed ion pair, respectively. C is neglected as usually done in polar solvents. For the reduction potential of Iod, a value of À0.7 V vs. SCE has been used. 42 This result is in full agreement with a very favorable interaction between the copper complex and the iodonium salt. Accordingly, a high electron transfer quantum yield (f et(S1) ) of 0.67 was also calculated for (r1) for TADF-CuC1 (eqn (2)). For the non-TADF compound, no fluorescence quenching is observed in agreement with the very short excited state lifetime showing that the TADF character is crucial for (r1) to occur. 
*CuC I + Ar 2 I + -CuC II + Ar + Ar-I (r1)
In spin trapping experiments on an irradiated TADF CuC2/Iod solution using phenyl-N-tert-butylnitrone (PBN), aryl radicals were detected (a N = 14.0 G, a H = 2.1 G for the Ar /PBN adduct, which are in agreement with the literature data 25 (Fig. 13) ).
The aryl radical formation (r1) observed by ESR likely explains the better reactivity of TADF CuC in the presence of Iod compared to non-TADF CuC, the Ar radical being very efficient at initiating the FRP of methacrylates. TADF CuC is also reduced by an amine (r2). 25 In the presence of N-vinyl and a faster interaction with the iodonium salt and EDB. Therefore, a higher efficiency for the polymerization process is expected.
A.3. Photoinitiating ability of the investigated TADF and non-TADF copper complexes
A.3.1. Free radical polymerization (FRP) of methacrylates. The free radical polymerization of BisGMA-TEGDMA blends (1.4 mm thick samples) under air upon LED irradiation at 405 nm in the presence of non-TADF and TADF CuC1 based PISs was evaluated (Fig. 14A) . Despite the higher molar extinction coefficients of non-TADF CuC1, a final methacrylate function conversion FC = 60% was recorded with TADF CuC1/Iod versus only 30% with non-TADF CuC1/Iod. The TADF (or non-TADF) CuC1/Iod/EDB is still better. The high performance character is mainly governed by its TADF behavior i.e. it can be seen in Fig. 14B that curve 2 (without EDB) and curve 4 (with EDB) are rather similar.
The same trend in the polymerization efficiency is observed with TADF CuC2 vs. non-TADF CuC2 (Fig. 14B) i.e. a better polymerization initiating ability is found for the derivative with a TADF character. The change of EDB for NVK has almost no effect on the improvement of the TADF (or non-TADF)/Iod couples) (Fig. 15) . These PISs are characterized by a good ability to initiate the FRP of methacrylates; indeed using BAPO as a reference photoinitiator (BAPO is bis(2,4,6-trimethylbenzoyl) phenylphosphine oxide): FC = 61%. View Article Online is shown in Fig. 16 . Again, TADF CuC2 is better than the non-TADF structure and leads to a much higher polymerization rate and final epoxy function conversion (FC = 30% vs. 12% respectively).
With the BAPO/Iod reference system, FC remains low (B10%) showing the performance of the proposed TADF compounds. The role of the counter anion (BF 4 À or PF 6 À ) is outlined in Fig. 17 . Having a less nucleophilic anion (PF 6 À ) enhanced not only the polymerization rate but also the final epoxy function conversion (30% with TADF CuC2 vs. 15% with TADF CuC1). This is in full agreement with the well-known effect of the counter anion nucleophilicity on the cationic polymerization efficiency. 43 Interestingly, the addition of NVK to TADF CuC2/Iod improved the initiating ability (Fig. 18) . Even more remarkable, the addition of CARET to TADF CuC2/Iod still increased the polymerization performances.
A.3.3. Interpenetrated polymer network synthesis. The threecomponent system was also used to initiate simultaneously the radical and cationic polymerization of a TMPTA/EPOX blend upon LED irradiation at 405 nm to obtain a hybrid polymeric network. Using TADF CuC2/Iod/NVK, conversions of 80% and 20% were obtained for the acrylate double bond and the epoxy group (Fig. 19) . A tack-free polymer was obtained.
A.4. Chemical mechanisms. The overall reaction mechanisms involved in the three-component systems are displayed in Fig. 20 and 21 where the initiation step of the FRP of BisGMA/ TEGDMA or TMPTA occurs through (1), (2), (3), (5) 
B. Organic structures as TADF compounds
The radical polymerization profiles of BisGMA-TEGDMA obtained upon LED irradiation at 405 nm, under air, in the presence of the purely organic compounds are displayed in Fig. 22 and 23 . The inhibition times are rather long. The org 2/Iod couple is better than org 1/Iod. The addition of EDB improves the performance; but org 2/Iod/EDB remains better than org 1/Iod/EDB (Fig. 22) . The org 3/Iod couple and org 3/Iod/EDB are even better (Fig. 23) .
The most remarkable result, however, concerns org 4 which leads to the best results (in terms of the rate of polymerization and conversion) when used in org 4/Iod and org 4/Iod/EDB systems. The org 1/Iod and org 2/Iod couples exhibit photostability (Fig. 24) , in contrast to the fast decomposition observed above for the copper complexes. The org 1 and org 2 have very short singlet state lifetimes in solvent (e.g. 2.55 ns and 1.55 ns, respectively 40 ). UV vis spectra at different irradiation times upon LED irradiation at 405 nm (110 mW cm À2 ).
No data are available for org 3: the absence of delayed emission in powder samples was just noted 31 and, in our experiments, the TADF emission in a solvent medium is very weak which prevented any lifetime measurements by LFP. These three structures have presumably a low TADF behaviour. In contrast, org 4 has undoubtedly a TADF behaviour: the luminescence decay of org 4 in oxygen-free toluene exhibits two components 39 (a short one in the ns range that corresponds to the prompt fluorescence and a long one in the 100 ms range assigned to the TADF emission), the photoluminescence quantum yield is 0.69. This org 4 compound led to the best polymerization results in agreement with its TADF character.
Conclusions
In the present paper, metal-based and metal-free structures exhibiting a thermally activated delayed fluorescence behavior are studied in detail as potential photoinitiators/photoredox catalysts. The reactivity/efficiency of TADF vs. non TADF copper complexes in the FRP of methacrylates or the CP of epoxides, in thick samples (1.4 mm), upon LED exposure at 405 nm, under air, was compared. A clear enhancement of the final conversions was evidenced when using both TADF copper complexes and TADF organic molecules. Therefore, the role of this specific TADF property is clearly outlined. Moreover, the performances are similar to or better than those achieved with a conventional reference photoinitiator (BAPO). The design of other organic structures or copper complexes will be presented in forthcoming papers.
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